OBJECTIVE: In epidemiological studies, weight loss is usually associated with increased mortality rate. Contrarily, among obese people, weight loss reduces other risk factors for disease and death. We hypothesised that this paradox could exist because weight is used as an implicit adiposity index. No study has considered the independent effects of weight loss and fat loss on mortality rate. We studied mortality rate as a function of weight loss and fat loss. DESIGN: Analysis of`time to death' in two prospective population-based cohort studies, the Tecumseh Community Health Study (1890 subjects; 321 deaths within 16 y of follow-up) and the Framingham Heart Study (2731 subjects; 507 deaths within 8 y of follow-up), in which weight and fat (via skinfolds) loss were assessable. RESULTS: In both studies, regardless of the statistical approach, weight loss was associated with an increased, and fat loss with a decreased, mortality rate (P`0.05). Each standard deviation (s.d.) of weight loss (4.6 kg in Tecumseh, 6.7 kg in Framingham) was estimated to increase the hazard rate by 29% (95% con®dence interval CI), (14%, 47%, respectively) and 39% (95% CI, 25%, 54% respectively), in the two samples. Contrarily, each s.d. of fat loss (10.0 mm in Tecumseh, 4.8 mm in Framingham) was estimated to reduce the hazard rate 15% (95% CI, 4%, 25%) and 17% (95% CI, 8%, 25%) in Tecumseh and Framingham, respectively. Generalisability of these results to severely (that is, body mass index BMI) ! 34) obese individuals is unclear. CONCLUSIONS: Among individuals that are not severely obese, weight loss is associated with increased mortality rate and fat loss with decreased mortality rate.
Introduction
There is an apparent paradox in the obesity ®eld. Obesity is associated with numerous morbidities 1 and even small weight losses can be associated with shortterm reductions in risk factors for disease. 2, 3 Obesity is also associated with an increased all-cause mortality rate. 4 In contrast, the majority of studies show that weight loss is associated with an increased mortality rate. 5 This paradox may be attributable to: a) not restricting studies of weight loss to obese people; b) not controlling for smoking status; c) not distinguishing among different methods and causes of weight loss; and d) not controlling for pre-existing disease. 6, 7 Only two epidemiological studies have addressed these concerns. 8, 9 Williamson et al 8 found that, among never-smoking obese women who were apparently free from wasting diseases and apparently lost weight intentionally, weight loss was associated with a decreased mortality rate. However, several factors mitigate against immediate acceptance of the idea that intentional weight loss, among obese people, decreases the mortality rate. For example, there was no doseresponse relationship between amount of weight lost and reduction of mortality in this study. Moreover, the bene®cial effects of weight loss on mortality rate were almost exclusive to women with co-morbidities. 8 Also noteworthy is a more recent study by Williamson et al 9 presenting similar analyses for men. They found no effect of apparently`intentional' weight loss on the allcause mortality rate.
An additional complication when interpreting previous data is the fact that studies used weight and weight-based indices (for example, body mass index (BMI), kgam 2 ) as implicit indicators of body fatness. It is true that, especially after controlling for height, weight is highly correlated with body fat. However, weight is also highly correlated with the amount of lean mass individuals have, 10, 11 making interpretation of relations between weight and outcomes, such as mortality, dif®cult. Indeed, Allison et al 12 combined theoretical models and actual data to show that the Ushaped relationship frequently observed between BMI and mortality could be a function of increasing fat mass having a linear and increasing effect on mortality rate, but increasing lean mass having a linear and decreasing effect on mortality rate. This is consistent with other research implicating body composition, rather than body weight per se, in determining health risk. For example, Segal et al 13 compared obese men to a group of football players, wrestlers and power lifters who were matched for age and BMI, but had a very low amount of body fat. Among these subjects, the obese individuals had signi®cantly greater elevations in cardiovascular disease (CVD) risk factors (diastolic blood pressure (DBP), fasting plasma insulin, lower high density lipoprotein (HDL)-cholesterol and greater low density lipoprotein (LDL)-cholesterol) than did the BMI-matched but low body fat group.
This thinking about differential effects of fat and lean mass on health from static models of body composition can also be applied to dynamic models. That is, greater clarity on the effects of weight changes on health risks and mortality may be produced by separately considering the differential effects of weight change per se vs changes in the degree of fatness. Van Itallie and Yang 14 suggested that the degree of health bene®t achieved from weight loss is likely to be dependent on the degree to which the weight is lost as fat and lean mass is preserved.
Given the above, we hypothesised that, conditional on fat loss, weight loss may be associated with increased mortality rate because it is accompanied by an undesirable loss of lean mass. Conversely, we hypothesised that, conditional on weight loss, fat loss will be associated with decreased mortality rate. We tested these hypotheses, using data from two prospective longitudinal population-based cohort studies: 1) the Tecumseh Community Health Study; and 2) the Framingham Heart Study.
Methods

The Tecumseh sample
The Tecumseh Community Health Study is a prospective epidemiological study of residents from Tecumseh, Southeast Michigan. Data collection began in 1957. Information was obtained from baseline medical history interviews, medical examinations, clinical measurements, laboratory work and electrocardiograms. Mortality follow-up data for the 8637 white respondents to the original data collection, was provided by the Tecumseh Mortality Follow-Up Study. 15 In data analyzed herein,`Mortality of cohort members was monitored through local newspapers and from individual questioning of Tecumseh residents. Recontact with all eligible members of the cohort was attempted in 1977 ± 1979 with 99 percent of success rate. Death certi®cates were obtained for all deceased members of the cohort'. 16 Table 3 .
Variables. Weight-change was calculated as weight (kg) at Time 2 minus weight (kg) at Time 1. In the Framingham Heart study there was only one indicator of fatness, that is, the subscapular skinfold. For details on the measurement of this skinfold in the Framingham Heart Study, see Cupples and D'Agostino. 20 Fatchange was calculated as subscapular skinfold thickness at Time 2 minus the subscapular skinfold thickness at Time 1. Preliminary inspection of the data in categorical analyses, as recommended by Zhao and Kolonel, 21 indicated that the linearity of the association between fat change and the mortality rate could be improved by taking a monotonic transformation of fat change. Thus, fat change was transformed by taking its natural logarithm (after adding a constant to insure all positive numbers) and then scaled to have 
Statistical analysis
For both studies, we conducted a`primary' analysis and a set of secondaryasensitivity analyses. The primary analysis consisted of Cox regression in which time to death was used as the dependent variable, weight change and fat change were used as independent variables, and height at Time 1, age, gender, and smoking status were used as covariates. In addition, we repeated this primary analysis after ®rst residualising fat change for weight change to reduce collinearity as suggested by a reviewer. Results were not meaningfully different.
In the secondaryasensitivity analyses, we evaluated whether the results remained generally consistent when we: 1) treated weight change and fat change as categorical rather than continuous variables, by dividing the distribution along quintile lines; 2) used logistic rather than Cox regression, to avoid the assumption of proportional hazards; 3) controlled for baseline values of weight and fat; 4) allowed for interactions between baseline BMI (kgam 2 ) (or a categorical dummy code for obesity status) and weight change and fat change; 5) allowed for interactions between gender and weight change and fat change; 6) incorporated information about change in smoking status between Time 1 and Time 2; 7) restricted the analysis to never smokers (Tecumseh sample) or to never plus former smokers (Framingham sample) at Time 2; and 8) to evaluate whether the effects on weight change and fat change differed by age, we added interaction terms between weight change and fat change and age into the model, and tested these terms for signi®cance. We did not exclude subjects who died during the ®rst few years of followup, for reasons described elsewhere. 22 Because our thesis is that fat change and weight change each confound control the other's association with mortality, we also examined the coef®cients for weight change and fat change in separate reduced models, to evaluate the effects of failing to control for one, while estimating the effect of the other.
The two data sets were not pooled for the following reasons. The data sets, though remarkably similar in many ways, contained a number of important differences that we believe could have affected the outcome and therefore militated against raw data pooling. These differences included: 1) the lengths of followup available after the second measurements; 2) the intervals between the ®rst and second measurements; 3) the average age at baseline; 4) the Tecumseh data allowed categorization of subjects into never vs ever smokers, whereas Framingham only allowed categorization into current vs former plus never smokers, and 5) the number of skinfold measures available.
Statistical analyses were conducted using the SPSS statistical package. 23 Figures were produced by the S-PLUS software. 24 
Results
The Tecumseh sample Primary analysis. Using Cox proportional hazards regression, 25 the log of the hazard ratio was regressed on fat change and weight change while controlling for age, gender, smoking status (ever smoker vs never smoker) and height. The coef®cients for this estimated model and the associated inferential statistics are displayed in Table 4 . Of primary note is that both the coef®cients for weight change (P 0.0001) and fat change (P 0.0112) were statistically signi®cant. As hypothesized, the coef®cient for weight change was negative in sign (b Ã b 0.0559; 95% con®dence intervals (CI) À0.0839, À0.0279) and the coef®-cient for fat change was positive in sign (b Ã b À0.0163; 95% CI À0.0038, À0.0288). This indicates that weight loss is associated with increased mortality rate and fat loss with decreased mortality rate. Expressed in standard deviation units (s.d.), each 4.6 kg (that is, 1 s.d.) of weight loss resulted in a 29% (95% CI 14%, 47%) increase in the hazard for Currentanever former for the Framingham Heart Study.
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resulted in a 15% (95% CI 4%, 25%) decrease in the hazard for mortality.
Secondary analyses. Each secondary analysis con®rmed the general pattern observed in the primary analysis. That is, whether we treated weight loss and fat loss as categorical rather than continuous variables, used logistic rather than Cox regression, controlled for baseline values of weight and fat, restricted the analysis to never smokers, or incorporated information about smoking status at Time 2 to account for changes in smoking status, weight loss was associated with an increased mortality rate and fat loss was associated with a decreased mortality rate. The stability of the estimates from analysis to analysis was quite high with the hazard ratios never changing more than 10% (see Table 5 ). Moreover, in every case, with two exceptions, the coef®cients for the effects of weight loss and fat loss were statistically signi®cant (P`0.05). One of these exceptions was observed from the analysis restricted to`never' smokers, in which only 731 subjects were available in the analysis. In this analysis, given the small sample size, it is not surprising that not all effects were statistically signi®cant. However, the coef®cients for both weight loss and fat loss remained in their predicted direction (Weight change b Ã b À0.0578; P 0.0080; Fat change b Ã b 0.0132; P 0.1508).
The second exception occurred in the categorical analysis. Categorisation of weight and fat losses, for example, by quintiles, is known to decrease statistical power. 26 Nevertheless, some (though not all) of the higher categories of weight loss had statistically signi®cant increases in mortality rate, relative to the lowest category of weight loss, and similarly, some of the categories of fat loss had statistically signi®-cantly higher mortality rates than the lower categories of fat loss. Moreover, there was a clear trend toward increasing mortality rate with higher categories of weight loss and decreasing mortality rate with higher categories of fat loss. Coef®cients from the categorical models are displayed graphically in Figure 1 .
Interactions' between gender and weight loss (P 0.6549) and fat loss (P 0.2430) were not signi®cant. Interactions between age and weight loss (P 0.9040), and age and fat loss (P 0.5980), were also not signi®cant. When interaction terms between baseline BMI and weight loss and fat loss were added to the model, only the interaction term for Fat loss and mortality DB Allison et al weight loss and BMI was signi®cant (P 0.0022). The sign of the weight loss by BMI interaction coef®cient was negative indicating that, as baseline BMI increased, the apparently deleterious effect of weight loss decreased. That is, weight loss appeared more benign among heavier than among lighter people. It was observed from the Cox model, including interactions of BMI and weight loss and fat loss, that weight loss was estimated to be bene®cial (that is, reduce mortality rate) for individuals with initial BMI ! 34. However, the BMI by fat loss interaction term was not signi®cant (P 0.6342), suggesting that the bene®cial effects of losing fat were not only limited to those people who had high BMIs at the beginning of the study. This was consistent with an analysis treating obesity status as a categorical variable (that is, BMI`28 0; BMI ! 28 1). This analysis showed a signi®cant interaction between obesity status and weight loss (P 0.0079), but not fat loss (P 0.3854), and indicated that weight loss did not appear deleterious among obese individuals.
Finally, in analyses examining the effects of weight change and fat change separately that is, not controlling for the other, the absolute values of the coef®-cients were substantially reduced (29% for weight change and 69% for fat change). This indicates that consistent with our thesis failing to adjust total weight change for fat change and vice versa causes a bias in the estimation of effects.
The Framingham sample
Primary analysis. Again the log of the hazard ratio was regressed (via Cox proportional hazards regression) on fat change and weight change while controlling for age, gender, smoking status (current smoker or never smoker plus former) and height. The coef®-cients for this estimated model and associated inferential statistics are shown in Table 4 . Of primary note, is that both the coef®cients for weight change and fat change (P`0.0001, P 0.0002, respectively) were statistically signi®cant. Moreover, as hypothesized, the coef®cient for weight change was negative in sign (b Ã b À0.0495; 95% CI: À0.0652, À0.0338) and the coef®cient for fat change was positive in sign (b Ã b 0.0393; 95% CI: À0.0183, À0.0603). Thus, weight loss was associated with increased mortality rate and fat loss with decreased mortality rate. Expressed in s.d., each 6.7 kg (that is, 1 s.d.) of weight loss, would result in a 39% (95% CI, 25%, 54%) increase in the hazard ratio for mortality, whereas a 1 s.d. (4.8 mm) increase in fat loss would result in a 17% (95% CI, 8%, 25%) decrease in the hazard ratio for mortality.
Secondary analyses. As in the Tecumseh data analysis and as highlighted in Table 5 , each of the secondary analyses con®rmed the general pattern observed in the primary analysis. Speci®cally, the same secondary analyses that were applied to the Tecumseh data produced remarkably similar results with respect to the Framingham data. For example, there was, again, a clear trend toward increasing mortality rate with greater weight loss and decreasing mortality rate with greater fat loss. These coef®cients from the categorical models are displayed graphically in Figure 2 .
However, unlike in Tecumseh, when interaction terms between baseline BMI and weight change (P 0.1397) and fat change (P 0.5973) were added to the model, none were signi®cant (although the direction of effect was the same as that observed in Tecumseh), nor were those between a dichotomous indication of obesity and weight change (P 0.3272) and fat change (P 0.6852). Interactions between age and weight change (P 0.6980), and age and fat change (P 0.4035), were also not signi®cant. Thus, in contrast to the Tecumseh study, the apparently deleterious effects of weight loss and the bene®cial effects of fat loss were independent of baseline BMI. Interaction terms between gender and weight change (P 0.3582) and fat change (P 0.0889) were also not signi®cant.
Finally, consistent with the Tecumseh results in analyses examining the effects of weight change and fat change separately (that is, not controlling for the others), the absolute values of the coef®cients were substantially reduced (31% for weight change and 99% for fat change), indicating the strong bias resulting from considering weight change without considering fat change and vice versa. Figure 2 Framingham Heart Study sample, secondary analysis. Estimated hazard ratios (to the last category) of individuals in the corresponding categories of weight change (WC) and fat change (FC), and their standard errors (s.e.). The numbers in parenthesis represent the minimum and maximum values for the corresponding quintile-de®ned categories. For both WC (kg) and FC (change in skinfold thickness, mm), the positive and negative values represent gains and losses, respectively. There is a clear trend toward a decreasing mortality rate with higher categories of weight change (d) and an increasing mortality rate with higher categories of fat change (u).
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Discussion
Using two population-based, prospective cohort studies, the Tecumseh Community Health Study and the Framingham Heart Study, we analysed time to death as a function of both weight loss (that is, loss of kilograms) and fat loss (that is, reduction in skinfold thickness), while controlling for some possible confounding factors: age, gender, smoking status and height. Results were consistent with the stated hypothesis that weight loss increases whereas fat loss decreases the all-cause mortality rate. The deleterious effects of weight loss and the bene®cial effects of fat loss were independent of baseline BMI in the Framingham study. In the Tecumseh study where weight loss was observed to be more benign among heavier than among lighter people, the bene®cial effects of weight loss did not appear until a BMI ! 34 (that is, in severely obese people).
It is noteworthy that results were con®rmed in two completely independent cohorts. Although these two cohort studies had much in common (for example, similar sample sizes and measurements) there were also important differences (for example, the interval between the two weight and fat measurements and the length of follow-up). Such replication strengthens con®dence that the ®ndings were not likely to be due to chance or some`quirk' of an individual data set, and suggests a robust phenomenon.
In interpreting these data, it is important to realize that weight change and fat change are positively correlated. That is, in general, when individuals lose weight, they lose fat and vice versa. In the studies analyzed herein, the correlations between weight loss and fat loss were between 0.50 ± 0.60. By analysing weight change and fat change simultaneously in the statistical model, we are able to look at their independent effects. Because weight loss is essentially equal to loss of body fat mass plus loss of lean body mass, when weight loss and fat loss are analysed simultaneously in the same statistical model, weight loss essentially becomes an indicator of lean body mass loss. Therefore, it may be reasonable to interpret these results as indicating that fat mass loss is bene®cial whereas lean body mass loss is deleterious and that the extent to which weight loss is bene®cial or deleterious will depend on the composition of that weight loss. It is also noteworthy that after controlling for the linear effects of weight loss and fat loss, there were no signi®cant quadratic effects (data not shown), indicating that there is no statistically signi®cant evidence for a non-monotonic association between our indicators of fat loss and weight loss and mortality rate. This implies that where we have written`weight loss is associated with increased mortality rate and fat loss with decreased mortality rate', the reader could as appropriately read,`weight gain is associated with decreased mortality rate and fat gain is associated with increased mortality rate.' Nevertheless, inspection of Figure 1 and Figure 2 suggests that, although not statistically signi®cant, there may be some departures from linearity, such that the effects of weight gain and fat gain may not simply be the opposite of the effects of weight loss and fat loss. Future research in larger samples may be necessary to systematically determine the extent to which the results observed are due to fat loss and weight loss per se vs fat gain and weight gain, or both.
The idea that lean body mass loss is deleterious is consistent with clinical research on diseased subjects. For example, Tellado et al 27 studied mortality rate as a function of several biomedical markers and weight loss in a sample of 73 patients with sepsis and malnutrition. To measure nutritional status, they used the ratio of exchangeable sodium to exchangeable potassium (the Na e aK e ratio), that is the extracellular mass as a function of body cell mass. 28 Results indicated that a high Na e aK e ratio was a powerful predictor of mortality rate in this sample. Comparable results were reported by Kotler et al, 29 who studied survival time among AIDS patients. They found that the lowest total potassium values (indicative of low lean body cell mass) were associated with the earliest death. This was observed even though low body cell mass was associated with a wide range of fat mass values.
The implications of this study, if con®rmed in additional studies, are clear and profound. For example, weight loss might only be advisable under conditions promoting a suf®cient proportion of the lost weight as fat. When prospective cohort studies are conducted using direct measurements of total fat mass, via more sophisticated body composition measurements, it will then be possible to calculate directly the proportion of weight loss as fat necessary to achieve a net reduction in mortality rate. Given that the present study measured relative fatness, rather than fat mass per se, we can only say that a higher proportion of weight lost as fat is desirable. We cannot specify the`minimal' desirable proportion.
Lean body mass is positively related to the body fat over a wide range of body weights. 30 From this relationship, Forbes 30 predicted that induced fat loss would be accompanied by a loss of lean body mass inversely related to the initial body fat content. That is, given a ®xed level of caloric restriction, individuals with a relatively greater amount of total body fat were expected to lose relatively smaller proportions of their weight as lean mass. 30 Thus, clinical prescriptions for weight loss may need to consider patients' body composition at baseline and hence their projected lean mass loss for a ®xed level of weight loss.
The samples studied herein consist of adults of European ancestry living in the United States under, presumably, reasonable conditions of health and nutrition. Moreover, although there was certainly a large number of obese individuals, where obesity is de®ned as, for example, a BMI b 28, there were few severely obese individuals. Thus, it is not clear that these results are generalisable to children, individuals of other ethnic backgrounds, individuals living under other circumstances, or severely obese or severely underweight individuals. To some extent, this is supported by a signi®cant interaction term between baseline BMI and weight loss in the Tecumseh study, which suggested that among severely obese individuals weight loss might be bene®cial regardless of its composition. Clearly more research is needed in this area.
One avenue for future research is to replicate these ®ndings in a study in which body composition is measured by more sophisticated methods. At present, we are aware of no such studies. However, in the third National Health and Nutrition Examination Survey (NHANES III study), 31 body composition measurements were taken on all individuals, via bioimpedance analysis. Moreover, in the currently planned NHANES IV study, it is anticipated that body fat will be measured by dual energy X-ray absorptiometry (DEXA). Hopefully, follow-up studies of these two cohorts would be conducted allowing replication of the present ®ndings. Moreover, by comparing the effects of fat mass loss and weight loss in a common metric (that is, kilograms), one can determine the proportion of weight that must be lost as fat to achieve a net reduction in mortality risk.
In this regard, it must also be pointed out that the measures of fatness used herein consisted of triceps and subscapular skinfolds. It is conceivable, although perhaps unlikely, that an individual could lose fat from these two regions of the body, but simultaneously gain an equal or greater amount of fat in other parts of the body such that, despite a reduction in skinfold thickness, the individual may not have reduced their fatness overall. This can only be rigorously evaluated in future research in which direct estimates of total fat mass are obtained.
A more speculative direction for future research concerns the development of treatments that preferentially promote fat loss relative to lean loss. Presently, most treatments for obesity are geared toward producing reduced caloric intake and, to some extent, increased caloric expenditure. This results in weight loss, but such methods usually do not preferentially promote fat loss, per se. In contrast, in some animal studies, certain newer compounds under investigation (for example, ciliary neurotrophic factor and leptin) 32 appear to preferentially produce fat loss. It therefore may be possible that investigators will be able to develop therapeutics aimed speci®cally at fat loss per se. A second approach might be to put more emphasis on exercise, which tends to preserve lean mass. 33 Finally, additional research might evaluate the current obesity treatments in terms of their effects on body composition. Virtually all studies of obesity treatment measure weight loss, but only a minority measure fat loss. Moreover, there has been relatively little exploration of the effects of various currently existing treatments, conditions of treatment, and rates of weight loss, in terms of their differential effects on degree of body fat loss. Such research might help us select the treatments and conditions that would be expected to produce the greatest bene®ts for obese patients.
